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Overview

Timeline Barriers

« Project Start Date: Oct. 1, 2016 ~ * Poor conductivity of current
» Project End Date: Sept. 30,2019 ~ composite electrolytes (10 S/cm
« Percent complete: 55% (till 03/31 to 10 S/cm)

2018) * Low mechanical strength of
composite electrolytes
Budget « Low stability during operation
o Total project funding
— DOE share:$1,244,012 Partners
_ Contractor share: $156.181 * Interactions/collaborations:
. Funding received in FY 2017: North Carolina State University
$479 720 ' * Project lead:

+  Funding for FY 2018: $463,711 West Virginia University
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Project Start Date - Supplied by PI (to be reviewed by TDM); if these go very far back, a good generic start date to show is 10/2003, the start of the HFI.
FY16 DOE Funding - Supplied by PI, reviewed by TDM 
FY17 Planned DOE Funding – Supplied by PI, reviewed by TDM
Total DOE Funds Received to Date – Supplied by PI, reviewed by TDM


Relevance

Overall objectives

Develop the solid-state electrolytes by integrating a highly-conductive inorganic
nanofibrous network in a conductive polymer matrix for both lithium metal and
lithium-sulfur batteries.

Objectives of this period (04/01/2017- 03/31/2018)

-Synthesize the inorganic nanofiber-polymer composite electrolytes;

-Characterize the microstructure of composite electrolytes, and study the nanofiber-
polymer interface;

-Measure the temperature-dependent ionic conductivity of composite electrolytes and
electrochemical stability window, mechanical property.

Impact

The DOE funding will allow the research team to developsolid-state inorganic
nanofiber-polymer composite electrolytes that will not only provide higher ionic
conductivity, improved mechanical strength and better stability than the PEO-based
polymer electrolyte, but also exhibit better mechanical integrity, easier incorporation
and better compatibility with the lithium metal anode than the planar ceramic
membrane counterparts. The proposed inorganic nanofiber-polymer composite
electrolytes will enable the practical use of high energy-density, high power-density
lithium metal batteries and lithium-sulfur batteries.



Milestones

Milestones in Year 1:

Milestone Type Description
Synthesize inorganic nanofibers Technical Demonstrate inorganic nanofiber samples
: : : . Test the conductivity of inorganic nanofibers, achieving
Inorganic nanofiber testing Technical : -
ion conductivity of >1.0 mS/cm
Synthesize polymers Technical Demonstrate polymer samples
Polymer testing Technical Test the conductivity of polymers achieving >0.2 mS/cm
Develop the |o_n-condgct|ng Approach identified to optimize ion-conducting polymers
polymers and inorganic Go/No Go : . .
. and inorganic nanofibers.
nanofibers

Milestones in Year 2:

Milestone Type Description

Synthesize composite

Technical Demonstrate nanofiber polymer composite samples
electrolytes

Measure electrochemical performance of composite
Technical electrolytes achieving >0.8 mS/cm; decomposition

voltage >4.5 vs. Li*/Li

Measure the mechanical properties such as the
Technical Young's modulus, the shear modulus and tensile and

shear strengths

Performance of composite
electrolytes

Properties of composite
electrolytes

Develop inorganic nanofiber- Go/No Go Approach identified to optimize development of
polymer composite electrolytes inorganic nanofiber-polymer composite electrolytes



Approach

i ® Design and engineer the polymer matrix

-~ Develop the block copolymers or cross-linked polymers that

oefls’” . have higher ionic conductivity than traditional polyethylen- o L'I““'E" :Iff"‘l'”"":-"“':__rf'f
) ~L) . oxide (PEO) polymers. neP
e ! aem m.rh
i ‘T? | mf—) m.'j e > m-t_>(F\’2013)
:{, . Deslgn and engmeerthe Inorganic nanofibers
* Provide continuous Li" transport channels via nanofiber
network Approach identified to
* Inhibit crystallization of amorphous polymer electrolyte optimize development

*  Facilitate lithium salt dissociation and ion transport through °J°oc “ectohie
the polymer electrolyvte

I wrm} m;m_} m;nt > m;u AFY2019)

Enhance the synergistic effect of integrated
inorganic fiber-polymer composites

* In-situ polymerization

e _-":"' :‘“‘# . i i r i
e e Dts!gn lml‘(tr to couple the nanofibers to ﬂ{t poly fne.rmatm .
% “m_ — *  Design deliberately to suppress the formation of lithium dendrites

- * DMeasure the mechanical and electrochemical properties of
- —— composites

* Optimize the nanofiber-polymer composites



Approach

Innovation

Polymer matrix:

« Compared with the complicate synthesis procedures reported before, such as ring opening
polymerization, our cross-linked acrylate-based PEO polymers are fabricated through easy UV cross-
linking process.

 Compared with the crystalline PEO structure, ours has fully amorphous PEO structure.

Compared with previous double cross-linkers with high Tg (-20 °C), our polymer is plasticized with PEG,
showing low glass transition temperature Tg (-56.5 °C).

e  Compared with the low ionic conductivity of the previous PEO based polymers(10-°-10 ¢ S/cm), ours has
h}gher ionig c;)nductivity, for example the salt-added cross-linked polymer can reach an ionic conductivity
of 2.4x10*S/cm.

Inorganic nanofibers:

* Hydrogen-treatment is performed to create oxygen vacancies in Li-conducting metal oxides, showing
iImproved ionic conductivity

« Li-conducting metal oxides are doped with anions (nitrogen) while cation doping is reported in previous
studies. Nitrogen doping can create the stable oxygen vacancy in the metal oxides.

Ceramic-polymer composite electrolyte:
 Composite electrolytes are prepared with in-situ polymerization on the ceramic nanofiber network.
*  Grating agent is introduced at the ceramic/polymer interface in the composite.

«  The ceramic nanofibers are surface-modified with a high ionic conductivity buffer layer, which is located at
the ceramic/polymer interface in the composite.

Full-cell batteries:
* All-solid-state Li-ion batteries are developed, which greatly improves the safety during operation.
» Use of solid-state electrolyte suppresses the dendrite formation.

» All-solid-state Li-ion batteries show excellent cycle-stability, including high capacity retention and high
columbic efficiency



Technical Accomplishments and Progress

Previous Accomplishments in Year 1 (10/01/2017 ~ 03/31/2018):

O synthesized three precursors and monomers for block co-polymers
 prepared a block co-polymer
O synthesized three different types of inorganic nanofibers.



Technical Accomplishments and Progress

Work done in Year 2 (04/01/2017 ~ 03/31/2018):

Polymer matrix:

 Block copolymer
 Cross-linked block copolymer

« Salt-added Cross-linked polymer

Inorganic nanofibers:
e Aluminum-doped Lij43L8,55,TIO5; (LLATO) nanofibers
« Nitrogen-doped Lij33L85 5571105 (N-LLTO) nanofibers

Ceramic-polymer composite electrolyte:

« LLTO incorporated into the cross-linked polymer composite

« Silane linker at the LLAZO/polymer interface in the composite
 Lithium phosphate at the LLATO/polymer interface in the composite

Coin-cell battery:

 Cycling performance, Coulombic efficiency and charge/discharge curves
of the Li| CLP-P4-LLTO |LFP battery



Current Progress In

POLYMER MATRIX



Technical Accomplishments and Progress

Polymer matrix development 1: Block copolymer

Lithium monomer synthesis procedure

Z
/
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Technical Accomplishments and Progress

Polymer matrix development 2: Cross-linked block copolymer

Synthesis procedure: T

HU
Hydroxycyclohexylphenyl ketone (0.1 wt%)
\I_HJ\ ‘I/\/ JTHI\ 2_ =

0=S=0
+I!J’ poly(ethylene glycol) dimethacrylate (2 wt%) Y S
I =
0=S=0 0 UV light wavelength ~320 nm
(IZF co%’ distance 4 cm, 3 mW/cm?, 5 min
3

STFSI PEGA .
el :{
lonic conductivity: 7.68x10° S/cm o=l=o
« Considering adding plasticizer

Li[PSTFSI-co-PGMEA]/(PEO) cross-linked polymer
« Single-ion conducting channel

« High mechanical strength
- Lithium blocks have higher rigidity



Technical Accomplishments and Progress

Polymer matrix development 3: Salt-added Cross-linked polymer

Synthesis procedure:

%jj\off\/o*);

Poly(ethylene glycol) acrylate
Monomer (PEGA) ©)5(j
HO
o
Hydroxycyclohexyl phenyl ketone
(o)
Yj\nfll\/ ;h(g (0.1 Wt%)
o Photo Initiators (HCPK)

Poly(ethylene glycol) dimethacrylate (2 wt%)

UV light (wavelength ~320 nm) 0.0 MeO. Me
Cross Linker (PEGDMA) 3 mW/em?, S min o,
MeO Me O PO, (P [
o _Ll ..................................................
\6/\ { 0:%7:1—0 o
Dimethyl (o) 0,
Poly(ethylene glycol) LiClO, 2\
Plasticizer (PEG) [EO]/[Li']=20:1 Y
e

Cross-linked poly(ethylene oxide) polymer matrix
Plasticized (CLP-P)

* High ionic conductivity polymer matrix
- Naturally amorphous structure
- Small molecular weight chains move freely (decrease in T )



Technical Accomplishments and Progress

Polymer matrix development 3: Salt-added Cross-linked polymer

Thermal properties and ionic conductivity:

(@) (b)
— e CLP-P4
——CLP-P3
ﬂ-_ ey
£ 5
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i No meltlng transition PEG amount T. Ionic conductivity Activation Energy (Ea)
 Low glass transition (vt ) ¢O at 25 °C (S/cm) (eV)
temperature (-56.5 °C) CLP 0 -39.2 3.38%10°7 0.53
o Addlng PEG increases CLP-P1 10 -42.1 9.36x107 0.43
ionic conductivity CLP-P2 20 -45.3 1.28x10" 0.43
. CLP-P3 30 -50.3 1.75x10* 0.42
-Decrease In T,
CLP-P4 40 -56.5 2.40%10-4 0.40

-Decrease in E,



Technical Accomplishments and Progress

Polymer matrix development 3: Salt-added Cross-linked polymer

Chemical Structure:
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Wavenumber (cm ) Temperature (°C)

» Peaks of vinyl group (C=C) and acrylate group (C=C-C=0) disappeared after polymerization
v =988, 812, 1190, 1410 cm* (PGMEA)
v =817, 1175 cm (PEGDMA)
 Monomers are totally reacted and cross linked even with addition of plasticizer and nanofibers
* Good thermal stability
- Thermal degradation temperature 400 °C



Current Progress in

INORGANIC NANOFIBERS



Technical Accomplishments and Progress

Inorganic Nanofibers: Al-doped Lijasla, <, TiO5(LLATO)
Morphologies and structure of 0.5 mol% Al doped LLATO nanofibers
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After calcinations at 900 °C in air, all of the diffraction peaks from 0.5-10 mol % Al
doped LLTO proved single-phase perovskite Lig ;3L 557 1104

lonic conductivity of Al-doped Lig 35La, 55, TiIO3(LLATO) is 1.1 X 10 S/cm.



Technical Accomplishments and Progress

Inorganic Nanofibers: Al-doped Lijasla, <, TiO5(LLATO)

XPS spectra of LLATO with different Al contents:
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Technical Accomplishments and Progress

Inorganic Nanofibers: Al-doped Lijasla, <, TiO5(LLATO)

Theory calculation of Al-doped Li, 5L a,TIO, structure:

{H]'ﬁvf o |.,..‘I.—d{{'. # ‘Lf (d)
b cient'™ 1
R

§ -4 e

Ja'aag

Li Al O Ti La

Pure and Al-doped Lij 55La, 5, TiO,.

gy %"-é‘:-.'%‘“ %" Y -8 o
& ’_ & @ +

c,%_-e,,r_, |

Constructing La-full and La-deficient
layers along stuck direction in the
left figure, we studied the
transporting behavior of Li ions in
pure and Al-doped Lijgs5l8,55TIO;.
The left figure gives ideal
transporting direction to simplify our
research.

(a), (b) and (c) are side views of pure, most stable single-Al and double-Al doped

Li, 55k, 56 T1O,, respectively.

(d) is the top view of La-deficient layer of (b). Blue and green color blocks in (d) are
used to represent two different regions in Li atom transporting direction.



Technical Accomplishments and Progress

Inorganic Nanofibers: Al-doped Lijasla, <, TiO5(LLATO)

04

Transporting barriers for Li ions along
transporting direction in pure, single-Al
and double-Al doped Li, 5,La, - TiO,. The
transporting trajectory is marked by dash
line in inset.

0.3

0.1

Energy (eV)

0.0

Theory calculation of Al-doped Li, 5L a,TIO, structure:
Transporting barrier for pure, single-Al
and double-Al doped structure are

L | | 0.365 eV, 0.165 eV and 0.225 eV,
‘ ey - respectively. This trend is consistent
. + i + with experiments.

Transporting direction

0.1 B

_L

+“‘w”“ "“*A—*"'J+

. -

Al content ( mol%o) 0 0.5 1 1.5 5 10
lonic conductivity (10 S/cm) | 1.10 3.98 3.62 1.96 1.08 0.81




Technical Accomplishments and Progress

Inorganic Nanofibers: Nitrogen-doped Lij ;5La, 5, TiO5(N-LLTO)

Morphologies, XRD patterns and XPS spectrum of N-doped LLTO nanofibers:
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Technical Accomplishments and Progress

Inorganic Nanofibers: Nitrogen-doped Lij ;5La, 5, TiO5(N-LLTO)

EIS plots of N-LLTO under different doping temperature:

=300
- | TO
—=—N-LLTO 525°C
2304 NoLTO 550°C _ LLTO Pure  N-525°C N-550°C N-575°C  N-600°C
—u—N-LLTO 575°C /PVDF- LLTO
__"200{ —=— N-LLTO 600°C HFP
£ lonic 13 2.1 3.8 2.3 2.3
£ 1504 conductivity
L (x104 S/cm)
N 1004
-50 -
u T T - T T T T T T T T
0 950 100 150 200 250 300

Z'(ohms)

N content in N-LLTO

Temperature °C 525 550 575 600
N content - 0.8% 0.9% 1.0%




Technical Accomplishments and Progress

Inorganic Nanofibers: Nitrogen-doped Lij ;5La, 5, TiO5(N-LLTO)

Theory calculation of N-doped Li,La,,TiO, structure:

0.4 i
| A il I
0.3 F ; |
— L {
' ) {l |
> . .-
~ 0.2 ,_":‘:'
5 v [% |
S ] - -
@ o1 HSES d\ /3
0.0k a £ ¥
s +pu|l..
= == single-N |h
— —di::ml =M =—C=—four-MN
b & 4 ﬁ +

Transporting direction

Relative energy for pure and N-doped Li, 35La, 5, TiO5 in
transport direction od Li ions. Blue balls indicate N
atoms.

Hypothesis: Nitrogen doping may:
» Decrease the transporting barrier.

« Generate of oxygen vacancies,
e.g. ABO; / ABOg 5,,oN,

Doping nitrogen to Ligg5la,55TiO;
can reduce the transport barrier for
Li ions. However, over-doping of N
atoms could hamper Li atom
transport.  Single-N  dopant in
Lip 33L85 56 TIO5 results in the lowest
transport barrier of 0.262 eV. This is
consistent with experiments.



Technical Accomplishments and Progress

Inorganic Nanofibers: Nitrogen-doped Lij ;5La, 5, TiO5(N-LLTO)

Theory calculation of N-doped LijgLla,;TIO;:

Hypothesis: Nitrogen doping may:
» Decrease the Li-ion transport barrier.

« Generate of oxygen vacancies, e.g. ABO;/ABOg 5, ,,N,

Eformation: single N-dopant O-vacancy

« Formation energy for O-vacancy is -3.167 eV,
which indicates that O-vacancy formation was in
favor thermodynamically

e Li-ion transport barrier is 0.277 eV, lower than pure
LLTO (0.365 eV).

Most stable O-vacancy in single N-doped Li, 55L8, 55 TiO4



Current Progress in

CERAMIC-POLYMER COMPOSITE
ELECTROLYTE



Technical Accomplishments and Progress
Composite electrolytes developed

A

J- " Composilte electrolyte 1:
e y LLTO incorporated cross-linked polymer
|
Composiie electrolyte 2. i

CH,

Silane-LLAZO incorporated cross-linked §
polymer composite electrolyte :

Composiie electrolyte 3:

Lithium phosphate modified LLATO based composite
electrolyte

| >




Technical Accomplishments and Progress

Composite electrolyte 1: LLTO incorporated cross-linked polymer

g

— i i,

e |ONIC CONAUCtiVily

—_ 30
E -3.3 :
L2 :
G 36l :
— | —=— CLP-P4
e .lll==
—4&— CLP-P4LLTO-2 ;
I +CLP Pd—LLIG{i ; ‘-.. ‘
_4_1.3 2.9 3. I} 3 1 I S.Ii I Bj.'!l I 3j4
1000/T (K)
* Adding inorganic nanofibers leads to an LLTO amount lonic conductivity t.
increase in ionic conductivity (Wt %) at 25 °C (S cm)
* No agglomeration effect was observed CLP 0 3.38x105 0.15
(lithium transference number (t) increases
with the addition of LLTO nanofibers) CLP-P4 0 2.40%x10 0.15
« Well-distribution of nanofibers CLP-P4-LLTO-1 10 2.48x104 0.26
« Naturally amorphous polymer matrix =~ CLP-P4-LLTO-2 20 2 89x104 0.40

« Significantly enhance lithium transference  cLp-p4-LLTO-3

30 3.31x104 0.51
number




Technical Accomplishments and Progress

B Composite electrolyte 1: LLTO incorporated cross-linked polymer

=i NMeChanical property and cycling stability:
D.D.'-- _— &3- 0s
0.06] — CLP-P4 L6
| = CLP-P4LLTO-3 [L:t- i
i ] & [ [ J=02mAjem’ F05mAfem’
g 0.03- = [
f: D-M__ :}-ﬁ -&2- 071
'M_' — P [ — a.pp4
0.01 ""‘I 15k — CLPP4LLTO3 gk
Strain (%% ) Time {I}a}-) Time [I}a}'j
« Young's Modulus e  Symmetric lithium cells: Li|SEs|Li
-CLP: 0.21 MPa - Charge/discharge at constant current densities
- CLP-P4: 0.02 MPa - 0.2, 0.5 mA/cm? for 15 min at room temperature
- CLP-P4-LLTO-3: 0.13 MPa e CLP-P4 symmetric cell short-circuits after 30 day
« Tensile strength - Short-circuit because of the mechanical failure
_CLP: 0.18 MPa - without the presence of LLTO nanofibers
- CLP-P4: 0.02 MPa  LLTO nanofibers provided a mechanically robust

framework, and the resultant CLP-P4-LLTO-3 cell

- CLP-P4-LLTO-3: 0.10 MPa :
shows stable charge/discharge process after 30 days



Technical Accomplishments and Progress Silane-LLAZO incorporated cross-linked
Composite electrolyte 2: polymer composite electrolyte

I I
Silane H;GD—&M H,
| e Ethenol/H,0 (95:5)
OCH, e
CH, Acetic Acid (PH™4.5)

L

0
/O
C>Si w CHz
xo/ ©
CHs

crosslinking

 Reduce the interfacial resistance \)UL :
T T A

e High ionic conductivity, high lithium transference number

Li, sLasAl, ,,Zr,04, (LLAZO)

1quyouey OZy 11

Synthesis process (Preliminary approach)
« SIiO, coating
— 3 wt% tetraethyl orthosilicate (TEOS ) in ethanol/H,O (95:5 volume ratio)
for 30 min
» Silane coating

— 2.5 wt% 3-(Trimethoxysilyl)propyl methacrylate (Silane) in ethanol/H,O
(95:5 volume ratio) for 12 h



Technical Accomplishments and Progress

_ Silane-LLAZO incorporated cross-linked
Comp05|te eleCtrOlyte 2: polymer composite electrolyte

Chemical characterization:

——LLAZO ——LLAZO-Si Silane
—LLAZO-5i ——LLAZO-5i-Silane After Reaction
~——LLAZO-Si-Silane
— I— Cemy
x Si-0 =
Z =
g S
= =
= =
= £
- =
= -
wh o
L =]
- -
I E T 5 I H T g T . T H 5 T H T H T y T H T :
2000 1750 1500 1250 1000 TS0 00 2000 1750 1500 1250 1000 TS0 300
) -1
Wavenumber (cm ) Wavenumber (cm )

e SIO, and silane are successfully coated on the surface of LLAZO
nanofibers

— SI-O groups, C=C groups appear
* The vinyl groups of silane coating layer is active and can be cross-linked
by thermal initiators

— C=C groups disappear after polymerization



Technical AccomplisTTgiSliE anggRgress Silane-LLAZO incorporated cross-linked

Composite electrolyte 2:  polymer composite electrolyte

Electrochemical testing:

* lonic conductivity test methods

s emamar sy — SoluU_on casting membrane without
125 pressing into pellets
» Thicker coating layer reduces the overall

- / impedance
75 -

150

g : /pf Preliminary results:
L F/' e 70 wt% LLAZO-silane + 30 wt% CLP
' . ' A — lonic conductivity 3.78x10* S/cm at
T J’ room temperature
0 25 =0 75 100 125 150
Z' (ohm)

» Vary the silane coating thickness
— 3h, 6h, 12h and 24h
» Vary the composition of silane coated LLAZO and CLP monomers
— 70 wt% LLAZO-silane + 30 wt% CLP
— 80 wt% LLAZO-silane + 20 wt% CLP
— 90 wt% LLAZO-silane + 10 wt% CLP



Technical AccomplisHgER aMgRIRD ress Silane-LLAZO incorporated cross-linked

Composite electrolyte 2:  pojymer composite electrolyte

Electrochemical testing:

0.0030 0.0030
Cathodic —CLP
—— Anodic S
— CLP-P4-LLT O3
0.001% 0.001% -
- =
2 - 2 5 ,
= 0.0000 J’ 2 0.0000 - - 3 ]
= - —_—
= e o f:; Anodic
i
= =
b o
00015 S -0.001 5 4
| LLAZ O-Si-Silane-70% CLP-30%
0.0030 . T r T . T ' T r T . -0.0030 . . .
1] 1 2 3 4 5 i] ] 1 2 3 4 ] ]
Voltage (V) Voltage (V)

 Much more stable than CLP polymer electrolyte and CLP composite
electrolyte
— 0~ 6V for LLAZO-Si-Silane-70% CLP-30% composite electrolyte

— 1~5Vfor CLP, CLP-P4, and CLP-P4-LLTO-3



Technical Accomplishments and Progress

; Lithium phosphate modified LLATO-polymer
CompOS|te electrolyte 3: composite electrolyte

The coating of the Li;PO, layer
improves the ionic conductivity
to 5.09 x104S/cm by 26.9%
compared with PVDF-
HFP/LITESI/LLATO.

@), (b) Photograph of flexible and
bendable PVDF-HFP/LITFSI/LLATO
membrane

(c) SEM image of the surface of
PVDF-HFP/LITFSI/LLATO
membrane,

(d) cross-sectional SEM image of
PVDF-HFP/LITFSI/LLATO

PVDF-HFPLITF BALLATOSL1,PO, membrane’
50 100 150 200 250 300
Z'(ohms) (e) EIS profiles of the PVDF-
Al doping percent(mol%) | 0 0.5 1 15 5 10 0.5/Li,PO, EEE?t:iEg:;tt;('?(()b(I?ech;) ’Fl’:)\\//DDIE-
lonic conductivity 110 398 362 196 108 081 509 HFP/LITFSI/LLATO-LisPO,(blue)
(104 S/cm) electrolyte membrane at different

temperatures(inert is the zoom plots).




Technical Accomplishments and Progress

Lithium phosphate modified LLATO-polymer

Composite electrolyte 3: composite electrolyte

Microstructure characterization:

(a) TEM image of LLATO nanofibers, (b) TEM (c) HRTEM image of Li3PC4 modified
0.5% AI-LLATO nanofibers, (d) interface of PVDF-HFP/LITFSI/LLATO composite (e)
interface of PVDF-HFP/LITFSI/LLATO/Li;PO, composite .



Technical Accomplishments and Progress Lithium phosphate modified LLATO-polymer

Composite electrolyte 3: composite electrolyte

Electrochemical testing:
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» Electrochemical window

— 0~6 V for of PVDF-HFP/LITFSI/LLATO/Li;PO, composite electrolyte
e Symmetric lithium cells: Li|SEs|Li

— Charge/discharge at constant current densities

— Small polarization voltages of +23 mV were observed at 0.5 mA/cm? for 30 min
at room temperature



Current Progress In

COIN-CELL BATTERY



Technical Accomplishments and Progress

Battery performance: Fabrication of coin cells

Battery assembly:

« Cathode: LiFePO, (LFP)
- Cathode composition

Top Case
LFP: CLP-P4-LLTO:C=6:3:1
LFP loading: 2 mg/cm? Lithium
Anode
e Anode: Lithium foll CPE
LFP Cathode

 Electrolyte: LLTO incorporated
cross-linked polymer composite
electrolyte CLP-P4-LLTO

Bottom Case

To improve contact between electrolyte and cathode:
— Precursor
— Polymerization under UV light directly on cathode
— Heat at 80 "C for 20 mins after assembling



Technical Accomplishments and Progress

Battery performance

Electrochemical testing:
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Collaboration and Coordination with Other Institutions

) U.S. DEPARTMENT OF U.S. Department of Energy

EN ERGY -Sponsorship, steering

West Virginia University - Project lead

W WestVirginiaUniversity Management and coordination; inorganic nanofiber design,
synthesis and characterization; composite electrolyte

development; and battery construction and testing

North Carolina State University - Key partner
NC STATE Polymer matrix design, synthesis and characterization;
UNIVERSITY linker development; and full cell construction and testing

Quzhou University
1% I 2 Theory _calculatlc_ms on the cationic and anionic doping of
D%iw 'miaﬁf perovskite materials




Remaining Challenges and Barriers

e It remains a significant challenge in improving the ionic conductivity of polymer
matrix in the composite.

* Itis essential to explore the synergistic effect of polymer and ceramic nanofibers.

« A grafting agent with high ionic conductivity is expected to promote the Li ion
transport between the ceramic nanofibers and the polymer matrix. However, such
an organic linker is rare.

 The solid-state interface between the electrolyte and the electrode has significant
effect on the performance of full-cell batteries. The fabrication processes need to
be explored to optimize the interface.



Proposed Future Research

Polymer matrix:
« Optimize and develop new polymer structures with high ionic conductivity

Inorganic ceramic nanofibers:
« Improve the ionic conductivity of nanofibers by doping
« Coating the ceramic nanofiber surface by a high ionic conductivity layer

Composite electrolytes:
» Search for a grating agent with high ionic conductivity

» Modify the ceramic nanofiber surface to create a buffer layer at the ceramic-
polymer interface

Batteries:

« Construct and test Li/composite electrolyte/Li symmetric cells
» Construct and test Li/composite electrolyte/cathode full cells
» Optimize the composition and structure of the full cells



Summary

2 For polymer matrix, reached the goal of 2x10* S/cm :
o {3‘ gy Three major polymer matrices have been successfully synthesized

. The PEO cross-linked polymer exhibits high ionic conductivity of 2.40x10
S/cm at room temperature

For inorganic nanofibers, reached the goal of 1x102 S/cm :
 0.5% aluminum doped LiysslagseTipg95Al 00503 (LLATO) nanofibers
exhibits ionic conductivity of 1.08x103S/cm.

For Composite electrolyte:

. The LLTO nanofiber/CLP-P4 composite electrolyte exhibits
improved mechanical properties and enhanced lithium transference
number as compare to the polymer alone.

R s, A New type of composite electrolyte was prepared with silane-coated

1‘_1';.,‘:-;.«\; ““:'i LLAZO nanofibers and CLP. The composite electrolyte exhibits ionic

ﬁ : conductivity of 3.78x10 S/cm and stable electrochemical window.

~ <wdms The composite electrolyte consisting of Li;PO,-modified LLATO
nanofibers and PVDF-HFP exhibits ionic conductivity of 5.1x10+4
S/cm, as well as stable and wide electrochemical window.




Responses to Previous Year Reviewers’ Comments

NO previous comments
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